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Thereactionof styrenewith trifluoromethanesulfonyl nitrenegenerated fromtrifluoromethanesulfonamide
in the system (t-BuOClþNaI) results in the formation of trifluoro-N-[2-phenyl-2-(trifluoromethylsulfonyl)
aminoethyl]methanesulfonamide, 1-phenyl-2-iodo-ethanol, and 2,5-diphenyl-1,4-bis(trifluoromethyl
sulfonyl)piperazine rather than the expected product of aziridination, 2-phenyl-1-(trifluoromethylsulfonyl)
aziridine. The mechanism of the reaction is discussed.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Aziridination of olefins with various precursors of N-sulfo-
nylnitrenes, such as N-chloro- and N-bromoamines RSO2NNaX,1e3

N-arylsulfonylphenyliodinanes ArSO2N]IPh,4 and sulfonylazides
RSO2N3,4,5 as well as with arylsulfonamides ArSO2NH2 under
oxidative conditions has been described;6e8 the advantages and
shortcomings of each method have been reviewed.9e11 Neither of
these methods has been applied to the synthesis of N-trifyl azir-
idines. The only known protocol for the preparation of N-trifyl
aziridines is dehydration of a b-aminoalcohol with triflic anhy-
dride in the presence of triethylamine.12 The formation of an
N-perfluoroalkylsulfonyl aziridine in the reaction of thermally
generated nitrene with 2,3-dimethylbut-2-ene has also been
reported,13 although no unambiguous evidence for the structure of
the product was given. In view of our interest in N-trifyl hetero-
cycles,14 we tried to apply one of the most recent procedures, the
reaction of olefins with N-sulfonylnitrenes generated from sul-
fonamides in the system (t-BuOClþNaI),8 to the synthesis of
N-trifyl aziridines, using the reaction of styrene with triflamide
CF3SO2NH2 as an example.
-mail address: bagrat@irio-

All rights reserved.
2. Results and discussion

The reaction with a ratio of triflamide/styrene/t-BuOI of 1:2:3
gave a mixture of three products, which were separated by flash
chromatography and identified. The major product was found to be
trifluoro-N-[2-phenyl-2-(trifluoromethylsulfonyl)aminoethyl]meth-
anesulfonamide 2, which can be formed by the ring opening of the
intermediate aziridine 1 by triflamide.
This is consistent with the literature data, which indicate that
the NeC3 bond is usually cleaved in 2-alkyl substituted azir-
idines9,15 while in the 2-Ph substituted aziridines the NeC2 bond
cleavage predominates.16e18

Another isolated product was 1-phenyl-2-iodo-ethanol 3,
whose structure was confirmed by coincidence of its melting point
and the IR and NMR spectra with the literature data19,20 and by the
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proton coupled 13C NMR spectrum, which showed the triplet
splitting of the CH2I signal at 15 ppm and the doublet splitting of
the upfield CHOH signal at 74 ppm. Compound 3 could be formed
by direct reaction of styrene with tert-butyl hypoiodide. To check
this possibility, styrene was treated with t-BuOCl and NaI$2H2O
under the reaction conditions but in the absence of triflamide. No
signals of compound 3 were observed in the 1H and 13C NMR
spectra of the reaction mixture. This allowed us to conclude that
products 2 and 3, apparently, are formed from the same in-
termediate aziridine (Scheme 1).
Fig. 2. 2,5-Twist conformation of the piperazine ring of 4 in the experimental X-ray
(left) and DFT optimized structure (right).
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Scheme 1. Formation of the ring-opening products 2 and 3.
Note, that although the structure of compound 2 itself cannot
distinguish between the NeC2 or NeC3 bond cleavage, the structure
of compound 3 clearly points to the NeC2 bond cleavage.

The third product gave a 1H NMR spectrum typical of an ABX
spin system, similar to those of compounds 2 and 3, and the ele-
mental analysis corresponding to compound 1. Based only on
these data, the compound could be assigned to 2-phenyl-1-(tri-
fluoromethylsulfonyl)aziridine, 1. However, its 2D {1He13C} HMBC
spectrum showed the direct coupling constant 1JCH of w148 Hz,
which is much lower than should be in aziridines (170e180 Hz21).
The structure was finally established by X-ray analysis,22 which
showed it to be the cis-isomer of 2,5-diphenyl-1,4-bis(tri-
fluoromethylsulfonyl)piperazine, 4, that is, the head-to-tail dimer
of aziridine 1 (Fig. 1).
Fig. 1. Crystal structure of 2,5-diphenyl-1,4-bis(trifluoromethylsulfonyl)piperazine 4.
The picture shows the molecule B with the absolute configuration 2(R) and 5(R). In the
asymmetric unit is a total of three molecules, in the crystal are also the other enantio-
mers. One of the SO2CF3 substituents is disordered; only themajor component is drawn.

y We are grateful to the reviewer who called our attention to the step
determining the stereochemistry of the reaction.
It should be mentioned that neither the adducts of type 2 nor
the product of oxyiodination 3 were detected in the reaction
of arenesulfonylnitrenes with various alkenes in the system
(t-BuOClþNaI).8

The asymmetric unit of the crystal was found to contain three
symmetry-independent molecules (labeled with A, B, C) as 2(S),5
(S)-, 2(S),5(S)-, and 2(R),5(R)-enantiomers of 4 (Fig. 1). Because the
structure is centrosymmetric, the other enantiomer can be found in
the crystal, too. The main different geometric features of the mol-
ecules A, B, and C are the torsions of the phenyl rings with respect
to the piperazine ring system. Otherwise the geometric parameters
defining these molecules are very similar (for details see Table S2 of
the Supplementary data).

Two points are noteworthy when analyzing the crystal structure
of 4. The first is that the piperazine ring has a 2,5-twist rather than
the usual chair conformation. The second point is that the structure
with the two phenyl rings in the cis position to each other, at first
glance, seems to be more congested and, therefore, less favorable
than the one with the trans phenyl groups. It was therefore of in-
terest to examine the relative stability of possible conformers of 4
theoretically. DFT calculations (B3LYP/6-311G**) of the two alter-
natives have shown that neither the cis nor the trans isomer of
piperazine 4 adopts the chair conformation. The trans isomer has
a slightly distorted 3,6-boat conformation, whereas the only
experimentally observed cis-isomer has the 2,5-twist conformation.
Moreover, the optimized geometry of the cis-isomer is 5.7 kcal/mol
lower than that of the trans isomer. Therefore, theoretical calcula-
tions are in excellent agreement with the X-ray structural data
(Fig. 2).
We failed to find any examples of the direct formation of pi-
perazines in the course of aziridination reactions. Therefore, we
believe that compound 4 is also formed from the intermediate
aziridine 1, since the reactions of dimerization of aziridines into
piperazines, though rare, are described in the literature.23,24 In
particular, N-arylsulfonyl aziridines are dimerized into the corre-
sponding N,N0-bis(arylsulfonyl)piperazines by the action of iodide
ion23 (which in our case is present in excess in the reaction me-
dium). The general scheme of transformations (using the scheme of
the piperazine formation suggested in the literature23) can be
represented as follows (Scheme 2).

As a mechanistic alternative, the product of aziridine 1
opening by iodide could, after protonation, give rise to com-
pound 2 by nucleophilic substitution of iodine by TfNH2 and to
compound 3 by substitution of TfNH by OH. However, in our
opinion this is less likely since the nucleophilicity of triflamide is
extremely low.

The stereochemistry of product 4 is determined in the step of
the aziridine ring opening by the intermediate anion [CF3SO2NCH
(Ph)CH2I]�, which occurs stereospecifically leading to intermediate
(A) with the same configuration of the two chiral carbon atoms
(both S,S or R,R).y The reasons for this stereospecificity deserve
separate consideration but what is important for the present
analysis is the fact that the normal ‘back-side’ intramolecular nu-
cleophilic attack in (A) inevitably affords the product with the cis-
arrangement of the two phenyl groups (which is the case), whereas
the trans-product could be formed only from the (S,R) or (R,S)
precursor, as shown below.
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The positive electrospray ionization mass spectra (ESI-MS) of
compound 2 showed the [MþNa]þ ion; the molecular weight was
proved by accurate mass measurements. In the negative EIMS of 2
the ion [M�NHSO2CF3]� at m/z 251 (40%) and [NHSO2CF3]� at m/z
148 (100%) were found. In the positive EI mass spectrum, the peak
at m/z 331 corresponds to [M�CF3]þ, and the base peak at m/z 238
corresponds to the fragment ion [Ph�CH�NHSO2CF3]þ. The EIMS of
3 showed a molecular ion at m/z 248 and the key fragment ions
similar to those described in.20 The positive ESI-MS of 4 showed the
[MþNa]þ ion atm/z 525; the elemental compositionwas confirmed
by the accuratemassmeasurements. The positive EIMS of 4 showed
the molecular ion atm/z 502 (15%) and the base peak [M�SO2CF3]�

atm/z 369. The negative EIMS is characterized by the loss of SO2CF3
(m/z 369) and the formation of an intense ion at m/z 252, that may
be resulted from the internal a-cleavage as described for pipera-
zines and piperidines.25

It should be stressed that simple NMR spectroscopy and ele-
mental analysis is insufficient to make a reliable conclusion about
the structure of the product(s) of aziridination. To distinguish be-
tween the aziridines and their dimers, piperazines, one should
obtain the X-ray structure, or, at least, to measure the spinespin
coupling constants 1JCH to approve or exclude the formation of
aziridines (note that neither of that was done for the product of the
reaction of nitrene RFSO2N: with Me2C]CMe213). If aziridine was
indeed the product of the reaction of styrene with tosylamide and
t-BuOI8 (although neither X-ray nor NMR evidences were given), no
aziridine formation with trifluoromethanesulfonamide in the
present work may be due to its high acidity, that facilitates the ring
opening and further transformations of the originally formed
aziridine 1 (Scheme 2).
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Scheme 2. General scheme of transformations in the system styreneþCF3SO2NH2þt-BuClþNaI.
3. Conclusions

Therefore, as distinct from reactionswith other sulfonyl nitrenes,
the reaction of styrene with trifluoromethanesulfonyl nitrene
generated from trifluoromethanesulfonamide in the system
(t-BuOClþNaI$2H2O) does not lead to the corresponding product
of aziridination, 2-phenyl-1-(trifluoromethylsulfonyl)aziridine
but rather results in the formation of trifluoro-N-[2-phenyl-2-(tri-
fluoromethylsulfonylaminoethyl]methanesulfonamide, 1-phenyl-
2-iodo-ethanol, and cis-2,5-diphenyl-1,4-bis(trifluoromethyl
sulfonyl)piperazine. The obtained result may be due to strong
electronacceptor effect of the trifluoromethanesulfonyl group fa-
voring the ring opening of the intermediate aziridine. The structure
of the piperazine is proved by X-ray analysis. The mechanism of the
reaction is discussed and the formation of the cis-isomer of the
product of cyclization rationalized.

4. Experimental section

4.1. General

IR spectra were taken on a Bruker Vertex 70 spectrophotometer
in KBr. 1H, 13C, and 19F NMR spectra were recorded on a Bruker DPX
400 spectrometer at working frequencies 400 (1H), 100 (13C), and
376 (19F) MHz; 1H and 13C NMR chemical shifts are reported in parts
per million downfield to TMS, and 19F NMR in parts per million
downfield to CFCl3. The low resolution EI mass spectra were
obtained using a GCeMS TRACE DSQ II mass spectrometer (Thermo
Fisher Scientific Dreieich, Germany) with an electron energy of
70 eV, and source temperature of 425 K, using a direct insertion
probe with DEP filament for positive and for negative ionization
modus. The HRMS ESI spectra were recorded using a Micromass
Q-TOFmicro mass spectrometer in positive electrospray mode. All
samples were injected (10 mL/min) with a Harvard syringe pump.
The capillary voltagewas set to 3.2 kV, with a cone voltage between
20 and 25 V. Elemental compositions were determined by accurate
mass measurement with standard deviation <5 ppm. H3PO4 was
used as a reference compound.



B.A. Shainyan et al. / Tetrahedron 66 (2010) 8383e83868386
4.2. Synthesis

4.2.1. Reaction of trifluoromethanesulfonamide with styrene. To the
mixture of trifluoromethanesulfonamide (2.3 g, 15.4 mmol), sty-
rene (3.18 g, 30.5 mmol), and NaI$2H2O (8.5 g, 46 mmol) in ace-
tonitrile (90 mL) t-BuOCl (5 g, 46 mmol) was added dropwise,
stirred in the dark at �10 �C for 8 h, removed solvent in vacuum
without heating, the residue dissolved in chloroform, washed with
sodium thiosulfate solution, dried (MgSO4), and the solvent re-
moved in vacuum to yield 3 g of the crude product. About one third
part of it was dissolved in benzene and allowed to stay overnight.
The precipitate formed was filtered off and crystallized from chlo-
roform to give compound 4. The tarry residue of the crude product
(2 g) was chromatographed on a column with silica gel/60
0.063e0.200, using etherehexane (1:5, 1:2) and pure ether suc-
cessively as eluents. Elution with etherehexane (1:5) gave the
mixture of compounds 2 and 3, and final elution with ether gave
pure piperazine 4 (0.54 g, 14%). The mixture of 2 and 3 was further
purified on a column with fine-pore granulated silica gel of
0.015e0.040mm granule size using etherehexane 1:1 as the eluent
to give themixture of oily compound 3 and crystalline compound 2.
1-Phenyl-2-iodo-ethanol 3 (0.86 g, 21%) was separated from com-
pound 2 by dissolving in hexane with small amount of ether and
removal of solvent, the remaining crystals of trifluoro-N-[2-phenyl-
2-(trifluoromethylsulfonyl)aminoethyl] methanesulfonamide 2
(1.6 g, 52%) were filtered off.

4.2.2. Trifluoro-N-[2-phenyl-2-(trifluoromethylsulfonyl)aminoethyl]-
methanesulfonamide, 2. Mp 94e96 �C; nmax (KBr) 3331 (NH), 3307
(NH), 1461, 1442, 1373, 1231, 1201, 1141, 1062, 1050, 982, 891 cm�1;
dH (CD3CN) 7.42 (5H, m, Ph), 7.2 (2H, br s, NH), 4.76 (1H, d, J 6.9 Hz,
PhCH), 3.60 (2H, d, J 7.1 Hz, PhCHCH2); dH (C6D6) 7.10 (5H, m, Ph), 5.5
(2H, br s, NH), 4.61 (1H, dd, J 8.4, 4.5 Hz, PhCH), 3.19 (1H, dd, J 14.2,
8.4 Hz, PhCHCHB), 3.09 (1H, dd, J 14.2, 4.5 Hz, PhCHCHA); dC (CD3CN)
138.1 (Ci), 130.1 (Co), 129.8 (Cp), 127.8 (Cm), 120.8 (q, J 320.7 Hz, 2-
CF3), 120.6 (q, J 320.4 Hz, 1-CF3), 60.8 (CH), 49.8 (CH2). 19F NMR, dF,
ppm: �78.80 (1-CF3), �78.58 (2-CF3). HRMS (ESI): [MþNa]þ, found
422.9865. C10H10F6N2O4S2Na requires 422.9884.

4.2.3. 1-Phenyl-2-iodo-ethanol, 3. Oil with crystals; lit. mp 34 �C;20

dH (CD3CN) 7.40 m (5H, m, Ph), 4.78 (1H, ddd, J 7.4, 4.5, 3.9 Hz,
PhCH), 3.76 (1H, d, J 3.9 Hz, OH), 3.52 (1H, dd, J 10.1, 4.5 Hz,
PhCHCHB), 3.42 (1H, dd, J 10.1, 7.4 Hz, PhCHCHA); dC (CD3CN) 143.6
(Ci), 129.2 (Cm), 128.6 (Cp), 126.7 (Co), 73.8 (d, J 146.0 Hz, CH), 15.6
(t, JCH 151.1 Hz, CH2I).

4.2.4. 2,5-Diphenyl-1,4-bis(trifluoromethylsulfonyl)piperazine,
4. Mp 130.5 �C; nmax (KBr) 3070, 3038, 2929, 1628, 1499,1457,1399,
1229, 1201, 1140, 1122, 1056, 1028, 954, 909, 875, 698 cm�1; dH
(CD3CN) 7.46m (5H, Ph), 5.32 (1H, dd, J 11.2, 6.8 Hz, PhCH), 4.40 (1H,
dd, J 15.5, 6.8 Hz, PhCHCHB), 4.01 (1H, dd, J 15.5, 11.2 Hz, PhCHCHA);
dC (CD3CN) 137.7 (Ci), 130.2 (Cp), 130.0 (Cm), 127.5 (Co), 120.5 q (CF3,
JCF 321.1 Hz), 61.7 (CH, 1JCH 148.4 Hz), 48.6 (CH2, 1JCH

A 146.7,
1JCH
B 148.8 Hz). 19F NMR, dF, ppm: �77.34. HRMS (ESI): [MþNa]þ,

found 525.0347. C18H16F6N2O4S2Na requires 525.0353.
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